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Abstract 

Background: Bone Morphogenetic Proteins (BMPs) belong to the transforming 
growth factor-p (TGF-p) superfamily, and play an important role in bone 
metabolism. Recombinant forms of BMP-2 and BMP-7 are the only BMPs 
used clinically. In this study the mature part of human bone morphogenetic 
protein-7 (BMP-7) was engineered through substitution of the BMP-7 N- 
terminal sequence by heparin-binding site of BMP-2. This targeted substitu- 
tion was made to enhance the binding affinity of the novel protein to the ex- 
tracellular matrix components such as heparin and heparan sulfate proteo- 
glycans (HSPGs). 

Methods: The engineered protein was expressed in Escherichia coli (Eco/i). The 
PelB signal sequence was used to translocate soluble proteins into the 
periplasmic space of Eco/i. The protein was purified from periplasmic extract 
using Ni-NTA chromatography and the SDS-PACE and western blot analysis 
confirmed the successful expression of the novel protein. 
Results: The novel hBMP-7 mutant was produced as approximately 16 kDa 
monomer. It was found that the heparin binding of this protein was approxi- 
mately 50% more than that of the wild-type at a protein concentration of 
500 ng/mi 

Conclusion: The findings showed that the periplasmic expression may be suita- 
ble to produce complex proteins like BMPs. 
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Introduction 

Bone morphogenetic protein-7 (BMP-7; al- 
so called osteogenic protein- 1), is a member 
of the Transforming Growth Factor b (TGF-b) 
superfamily, which was originally isolated 
from bone (13) . 

Studies have shown that human BMP7 
generated by recombinant DNA technology 
can induce ectopic cartilage and bone for- 
mation (1 ' 3 ' 4) . Due to the short half-life of 
BMP-7, high doses are required to induce 



bone healing. High doses are not only costly, 
they cause undesirable side-effects such as 
ectopic bone formation (5 7) . To overcome the 
difficulties in using BMPs as therapeutic 
agents, some strategies have been developed. 
One of them is genetic engineering of BMPs 
to increase binding capacity to the extracellu- 
lar matrix components such as heparin and 
heparan sulfate proteoglycans (HSPGs) (8) . 
These macromolecules have binding affinity 
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with a number of growth factors such as 
BMP-2 and can regulate its biological activity 
(9,10) -phis interaction with glycosaminoglycan 
allows the formation of localized gradients by 
inhibiting the diffusion of these biologically 
important proteins This may decrease the 
required dose of the morphogen due to its 
prolonged local retention time at application 



site 



(12,13) 



Another approach is expression of rhBMP- 
7 in different expression systems to achieve 
large scale production (1 ' 2) . So far, BMP-7 has 
been expressed both in eukaryotic and pro- 
karyotic cell culture systems (1 ' 2 ' 4) . Mammalian 
systems are capable of producing biologically 
active proteins. However, the production of 
the recombinant human Bone Morphogenetic 
Proteins (rhBMPs) from the mammalian cell 
cultures has a low production yield and high 
cost. Prokaryotic systems {E.coli) were also 
used for the production of BMPs. Although 
cytoplasmic expression allows the production 
of high level of recombinant proteins, it suf- 
fers from several disadvantages. Often over- 
expressed proteins accumulate in inclusion 
bodies and the complex refolding processes 
are necessary to obtain active proteins. The 
secretion of recombinant proteins to the E.coli 
periplasmic space may eliminate these draw- 
backs (14 " 16) . 

Periplasmic expression has several ad- 
vantages over the cytosolic one as follows: 
i) it simplifies protein purification, ii) it main- 
tains an oxidizing environment to promote 
proper protein folding, removal of signal pep- 
tide and elimination of polypeptides, Hi) the 
outer membrane can be selectively degraded 
by simple osmotic shock, iv) the periplasm is 
accessible to molecules, e.g. ligands, in order 
to enhance stability and folding of recombi- 
nant proteins (1518) . 

In the case of BMP-7, genetic engineering 
approach to produce more potent form of this 
protein with intensified connection to the ex- 
tracellular matrix components has not been 
considered. Taking advantage of periplasmic 
expression and genetic engineering, we de- 
veloped an alternative platform to produce the 



novel protein in E.coli. The novel protein was 
named B2BMP-7 (B2 denoting the heparin- 
binding site of BMP-2). In B2BMP-7, the first 
16 N-terminal amino acids of BMP-7 mature 
part have been replaced by BMP-2 heparin- 
binding site in order to increase heparin af- 
finity. 

Materials and Methods 

E.coli strains Top 10 F f (Novagen) was used 
as the host for recombinant plasmid. BL21 
(DE3) (Novagen, USA) was applied as ex- 
pression host. pET-22b (Novagen, USA) was 
utilized as expression vector. Bacterial strains 
were grown in LB agar and LB Broth. Rabbit 
polyclonal antibody to BMP-7 was obtained 
from Abeam (Cambridge, UK) and goat anti 
rabbit IgG-HRP conjugated was purchased 
from Razi BioTech (Tehran, Iran). All rea- 
gents for SDS/polyacrylamide gel electropho- 
resis were from Bio-Rad, (CA, USA). Plas- 
mids and DNA fragments were purified using 
a miniprep kit (QIAGEN, USA) and a gel ex- 
traction kit (QIAGEN, USA). 

Preparation of the novel construct 

A novel construct containing the cDNA se- 
quence encoding genetically modified mature 
domain of BMP-7 (139 amino acids) was syn- 
thesized by GeneRayBiotech (Shanghai, Chi- 
na). As shown in figure 1, Ndel (5...CA 
TATG ... 3' ) and EcoRI (5'... GAATTC ... 
3 ' ) restriction sites were inserted in the up- 
stream and downstream of gene respectively 
to facilitate sub-cloning into the expression 
vector. pelB and His-Tag coding sequences 
were introduced to the N-terminal and C- 
terminal of the construct respectively. pelB 
signal sequence is necessary for potential 
periplasmic localization. In genetically modi- 



pelB 
coding 
sequence 



Genetically Modified 
Mature Domain 
(139 aa) 



His - Tag coding 
sequence 



Ndel Restriction Site 



EcoRI Restriction Site 



Figure 1. Schematic representation of designed cassette 
gene. His -Tag coding sequence was engineered to the C- 
terminal of the construct in order to facilitate purification 
using Ni-NTA technology 
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fied mature domain, the first 16 N-terminal 
amino acids of BMP-7 (STGSKQRS 
QNRSKTPK) were substituted by the first 16 
amino acids of BMP-2 without cysteine 16 (Q 
AKHKQRKRLKS S KRH) . In order to prevent 
the formation of undesirable intrapoly-peptide 
disulfide bound, the residue 16 (cysteine) of 
BMP-2 heparin-binding site was deleted. 

Cloning of the novel construct 

To prepare the final expression construct, 
the synthetic gene was cut from an intermedi- 
ate vector, pGH, using Ndel and EcoRI en- 
zymes and was subsequently cloned into the 
multiple cloning site of pET-22b. The recom- 
binant plasmid, pET_B2BMP7, was confirm- 
ed by the restriction-enzyme analysis using 
Notl/EcoRV enzymes. 

Transformation and induction of protein 
synthesis 

The transformed E.coli BL21(DE3) strain 
with recombinant plasmid were cultured in 
LB medium containing ampicillin and incu- 
bated at 37°C until an OD 600 of 0.5. The in- 
duction was carried out by adding IPTG at a 
final concentration of 1 mM. The cells were 
collected by centrifugation at appropriate 
times (2 and 4 hr) post-induction. A part of 
the culture was used as negative control with- 
out adding IPTG (pre-induction). 

Preparation of periplasmic protein 

Periplasmic osmotic shock was carried out 
as described previously (19) . Briefly, the pellet 
was re-suspended in 80 ml/g cells of TES 
buffer (Tris-Hcl 30 mM, EDTA 1 mM, Su- 
crose 20%, pH=8.0). The mixture was then 
incubated on ice for 5-10 min with gentle agi- 
tation. The cells were then centrifuged at 
8000xg for 20 min. The supernatant was re- 
moved and the pellet was re- suspended in the 
same volume of ice-cold 5 mM MgS04. After 
shaking for 10 min in an ice bath, the mixture 
was centrifuged at 8000 x g for 20 min and 
the supernatant was collected for periplasmic 
protein. The periplasmic proteins were dia- 
lyzed overnight against lysis buffer (50 mM 
NaH 2 P0 4 , 300 mM NaCl, 10 mM imidazole 
pH -8.0). Purification was then performed 



under native conditions by Ni-NTA resin as 
described by manufacturer (QIAGEN, USA). 
The periplasmic extract was applied to a col- 
umn containing Ni-NTA resin equilibrated 
with lysis buffer. After elution by elution buf- 
fer (50 mMNaH 2 P0 4 , 300 mMNaCl, 250 mM 
imidazole pH=8.0), the fraction containing the 
novel protein was pooled and concentrated by 
Microcon filtering system (Millipore, USA). 

SDS- PAGE and western blot analysis 

SDS-PAGE was carried out in a 15% re- 
solving polyacrylamide gel according to the 
Laemmli method (20) . For western blot, the 
samples were separated using SDS-PAGE and 
electro-transferred to a nitrocellulose mem- 
brane, blocked with 5% non-fat dry milk, in- 
cubated with 1:1000 dilution of rabbit anti- 
human BMP-7 (Abeam, Cambridge, UK) 
(90 min) followed by peroxidase conjugated 
goat anti-rabbit antibody (Razi Biotech, Iran) 
(1:1000) for 45 min. The antigen-antibody 
complex was then visualized by DAB-HRP or 
ECL system. Immunoblotting was carried out 
on the purified periplasmic fraction using An- 
ti- His 6 -Peroxidase (Roche, Germany). The 
ECL detection system (GE Healthcare) was 
utilized for chemiluminescence development. 
Total protein concentration was analyzed by 
the Lowry method (21) using bovine serum al- 
bumin as the standard. 

Alkaline phosphates release assay 

To assess the biological activity of B2 
BMP-7, C2C12 cells were grown in DMEM 
containing 10% FBS and penicillin/ strepto- 
mycin at 37°C, 5% C0 2 . For the Alkaline 
Phosphates (ALP) release assay, 100,000 
cells/well were incubated in a 24-well plate 
for 24 hr, after which the supernatants were 
removed, and 1 ml of fresh medium contain- 
ing different concentrations of the purified 
B2BMP-7 protein (0, 500, 1000 ng/ml) was 
added. Different concentrations of rhBMP-7 
from CHO (0 and 500 ng/ml) (ProSpec, NJ, 
USA) and rhBMP-7-His from E.coli (0, 500, 
1000 ng/ml) (ProSpec, NJ, USA) were used as 
controls. After 3 days incubation, the cells 
were rinsed with PBS and lysed by 0.2% Tri- 
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ton X-100 for 10 min at 4°C. The cell lysates 
were then centrifuged for 10 min at 2500 
r.c.f., and the supernatants were used for the 
enzyme assay. ALP release assay was per- 
formed using a commercial assay kit (Sen- 
solyte ® pNPP Alkaline Phosphatase Assay 
Kit from AnaSpec) according to the manufac- 
turer's protocol. After incubation of clarified 
supernatant with p-nitrophenyl phosphate 
substrate solution for 30 min at 37°C, the re- 
action was stopped and optical density at 405 
nm was measured with an ELISA reader. 

Heparin binding assay 

Binding assay, based on those described 
previously (22) , was carried out by BD™ Hep- 
arin Binding Plates (BD Biosciences, MA, 
USA). Briefly, the plates were incubated with 
heparin sodium salt from porcine intestinal 
mucosa (H3393, Sigma) overnight at room 
temperature, using 25 jug/ml of heparin in 
Phosphate-Buffered Saline (PBS). Plates were 
washed in PBS and blocked with 1% (w/v) 
BSA in PBS for 60 min at 37°C. Wells were 
rewashed and incubated with different con- 
centrations of rhBMP-7-His and purified B2 
BMP-7 protein (0, 250, 500, 1000 ng/ml) at 
37°Cfor2/zr. 

As a negative control, the proteins also bind 
to the non-heparin coated wells. The interac- 
tion was assessed by adding 100 jul/well of a 
1:1000 dilution of rabbit anti-human BMP-7 
antibody (Abeam, Cambridge, UK) (90 min) 
followed by 100 jul/well of peroxidase conju- 
gated goat anti-rabbit antibody (Razi Biotech, 
Iran) (1:1000) for an additional 45 min. The 
absorbance values at 450 nm were measured 
after 15 min. 

Results 

Construction of the expression vector 

The fragment encoding the genetically 
modified mature part was successfully cloned 
into the Ndel/EcoRI site of pET-22b vector 
(Novagen, USA). The restriction enzyme 
analysis using Notl/EcoRV enzymes showed 
two fragments with expected sizes at 4095 
and 1820 bp (Figure 2). 




Figure 2. A) The map of recombinant plasmid (pET_ 
B2BMP7). The size of expression construct was 5915 bp, B) 
Restriction analysis of recombinant plasmid. Lane 1: Size 
marker; lanes 2, 3: Digestion of pET_B2BMP7 with NotI or 
EcoRV created linear plasmids (5915 kb); lane 4: Digestion 
of recombinant plasmid with Notl/EcoRV created two frag- 
ments with expected sizes at 4095 bp and 1 820 bp 




Figure 3. A) SDS-PAGE analysis of a recombinant clone pro- 
ducing novel mutant. Lane 1, Protein marker SM0671; lanes 2, 
3, two and four hours samples (post induction); lane 4, pre- 
induction sample. Arrows indicate the bands related to the pre- 
protein (pelB-hB2BMP-7). B) Western blot analysis of recom- 
binant protein. Lane 1, pre-induction sample; lanes 2, 4, two 
and four hours samples (post induction); lane 3, Protein marker 

Expression analysis 

Following induction, total protein of in- 
duced and non-induced cells was compared 
on a SDS-polyacrylamide gel (Figure 3A). 
The bands related to B2BMP-7 expressed by 
BL21 (DE3) transformant is shown by the 
arrows. The protein was reactive to rabbit- 
anti-human BMP-7 antibody (Abeam, USA) 
as evidenced by western blot analysis (Figure 
3B). The molecular weight of the recombinant 
protein is in accordance with the calculated 
molecular weight of B2BMP-7 pre-protein 
(pelB-hB2BMP-7) (-18 kDa). Note that the 
B2BMP-7 represents approximately 37% of 
the total cell protein according to the densi- 
tometry analysis. 
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Figure 4. A) SDS-PAGE analysis of the periplasmic extract and cell-pellet fraction. Unprocessed pre-protein (-18 kDa) and pro- 
cessed mature protein (-16 kDa) are indicated as (p) and (m) respectively. Lane 1, Protein marker SM0671; lane 2, Cell-pellet 
fraction; lane 3, Periplasmic extract, B) SDS-PAGE analysis of the purified protein. Lane 1, Concentrated purified mutant; lane 2, 
Protein marker, C) Western blot analysis of the mutant, Lane 1: purified mutant; lane 2: Protein marker; lane 3 : pre-induction 
sample as negative control 



Periplasmic expression analysis 

Periplasmic extract and cell-pellet fraction 
were analyzed by SDS-PAGE using silver 
staining. In figure 4A an over-expression of 
unprocessed pre-protein was detected in cell 
pellet fraction. The processed mature protein 
was mostly detected in the periplasmic ex- 
tract. The purified periplasmic protein ap- 
peared as a single -16 kDa band as evidenced 
by western blot analysis (Figure 4C). 

Biological activity test 

To assess the osteogenic activity of novel 
protein, alkaline phosphatase release assay 
was performed. The purified monomer did not 
show any significant biological activity. No 
enzyme activity was similarly detected in the 
C2C12 cultures by commercial hBMP-7-His 
from E.coli (ProSpec, NJ, USA). Commercial 
hBMP-7 from CHO cells (ProSpec, NJ, USA) 
was used as positive control and stimulated 
alkaline phosphatase release in a dose- 
dependent manner (Figure 5). 

Heparin binding assay 

BD™ Heparin Binding Plates were used in 
heparin binding assay. The results showed 
that both commercial hBMP-7-His and its 
mutant bind to heparin in a dose-dependent 
manner and the background binding related to 
the non-heparin coated wells was considera- 
bly lower. The heparin binding of the B2 



Alkaline phosphatase release assay 




Protein Concentration (ng/ml) 

Figure 5. Alkaline phosphatase release assay. The purified 
monomer did not show any significant biological activity 
similar to the commercial BMP-7-His. As positive control, 
commercially available rhBMP-7 produced in CHO cells was 
used. Each value is the mean of triplicates shown±SD 

BMP-7 was approximately 50% higher than 
that of the wild-type at a protein concentration 
of 500 ng/ml (Figure 6). 

Discussion 

Several studies have shown that the natural 
activity and distribution of BMPs can poten- 
tially be modulated by glycosaminoglycans 
(GAGs) as part of the ECM (23) . One approach 
to take advantage of this issue is modification 
of BMPs to enhance connection to the extra- 
cellular matrix components. For example, 
modification of heparin-binding site of BMP- 
2 has shown a significant increase in its local 
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Figure 6. Heparin binding assay of BMP-7-His and B2BMP- 
7. The results showed dose-dependent binding of commercial 
BMP-7-His and its mutant to heparin. The background bind- 
ing related to the non-heparin coated wells as negative con- 
trol was considerably lower. Each absorbance value is the 
mean of triplicates shown±SD 

retention time and various mutants of BMP-2 
with higher osteoinductivity have been pro- 
duced (12 ' 13) . 

Recombinant human BMP-7 (OP-1) has 
been approved for treatment of long bone 
nonunions and spinal fusion (24 ' 25) . Due to the 
high cost of this protein, the availability of 
BMP-7 for treatment is limited Therefore, 
in this study for the first time we used two 
strategies simultaneously to produce the novel 
BMP-7 protein with improved properties in 
E.coli. One of them is genetic engineering of 
BMP-7 to increase binding capacity to hepa- 
rin. Novel BMP-7 mutant was engineered by 
substitution of the N-terminal of BMP-7 ma- 
ture part by the BMP-2 heparin-binding site. 
The heparin-binding site of BMP-2, which 
contains multiple basic triplets, participates in 
binding to the components of the extracellular 
matrix (26) . It seems that addition of these 
basic triplets {e.g. Arg -Lys -Arg, RKR) could 
be an advantage. 

It is reasonable to propose that B2BMP-7 
with extra basic residues at its N-terminal 
may possess higher heparin affinity compared 
to the commercial form. To test this hypothe- 
sis, the binding of rhBMP-7-His and its mu- 
tant to heparin was investigated by an ELISA 
assay using BD™ Heparin Binding Plate. It 
was found that both commercial BMP-7-His 



and its mutant bind to heparin in a dose- 
dependent manner. Furthermore, in accord- 
ance with our hypothesis the heparin affinity 
was approximately 50% more than that of the 
commercial form at a protein concentration of 
500 ng/ml. Despite the production of novel 
protein as inactive monomeric form, the im- 
proved heparin binding, up to 50%, is greatly 
promising. As it was mentioned BMP-2 mu- 
tants with intensified connection to heparin 
possess significantly higher biological activity 
in vivo (1213) . In spite of the fact that novel pro- 
tein with higher affinity to heparin may pos- 
sess increased osteogenic activity in vivo, this 
issue has to be clarified by further examina- 
tions. 

So far, rhBMP-7 has been produced in 
E.coli using a pET expression system (3) . 
However, disadvantages of cytoplasmic ex- 
pression led us to develop an alternative strat- 
egy to produce novel BMP-7 protein using 
periplasmic expression. 

Initially, B2BMP-7 was produced in the 
form of inclusion bodies representing 37% of 
the total cell protein. As shown in figure 3A, 
the novel protein is the main protein in the 
cell lysate and the lack of expression in the 
pre-induction lane shows a tight regulation of 
expression in pET22b vector. In this system, 
the signal sequence, pelB, is responsible for 
the secretion of protein into the periplasmic 
space. In the cell pellet fraction the promi- 
nently expressed protein was the B2BMP-7 
pre-protein (pelB-hB2BMP-7). However, in 
the periplasmic extract there was detectable 
amount of mature hBMP-7. The periplasmic 
content was released from the bacterial pellet 
by osmotic shock. In this study, the protein 
was obtained in its soluble form and purifica- 
tion was carried out easily in a single step by 
Ni-NTA chromatography. The results of 
SDS-PAGE and western blot analysis con- 
firmed the successful secretion of the pro- 
cessed protein into the periplasm. 

Transfection of the full length cDNA of 
human BMPs has been performed in different 
mammalian expression systems such as CHO, 
BSC-1 (27) , and COS7 (28) cells. However, 
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proteolytic processing events create a hetero- 
geneous mixture of BMPs (29) . In contrast to 
the mammalian expression systems, the ami- 
no-terminal heterogeneity of the protein was 
limited by expression of the mature part. As a 
result, a homologous mixture of the processed 
protein was produced in the present study. 

The biological activity of new protein was 
tested by the induction of alkaline phospha- 
tase activity in C2C12 cells. The monomeric 
form that was obtained in this stage did not 
show any biological activity similar to the 
commercial BMP-7-His from E.coli (Pro 
Spec). The result is in agreement with previ- 
ous findings in which the biological active 
hBMP-7 was described as homodimeric or 
heterodimeric forms (3 ' 30 31) . 

In the periplasmic expression several fac- 
tors are involved in the processing efficiency 
such as signal sequence, host strain, expres- 
sion level, growth and inducing conditions (32) . 
It seems that in the case of complex disulfide- 
bonded proteins like BMPs, further optimiza- 
tion is required to obtain a fully active pro- 
tein. 

Conclusion 

This is the first report describing peri- 
plasmic expression of a novel hBMP-7 mu- 
tant in E.coli. The novel protein showed a 
significantly higher heparin affinity compared 
to the wild type. As the functionality of BM 
P-7 is highly dependent on its proper folding 
and disulfide bond formation, future optimi- 
zation of the periplasmic expression may re- 
sult in the production of the fully active dimer 
protein. 

Acknowledgement 

The authors would like to thank Mrs. Far- 
zaneh Barkhordary for her valuable support 
during this project. This study was financial- 
ly supported by Pasteur Institute of Iran. 

References 

1. Bustos-Valenzuela J, Halcsik E, Bassi E, Demasi 
M, Granjeiro J, Sogayar M. Expression, purifica- 
tion, bioactivity, and partial characterization of a 
recombinant human bone morphogenetic protein-7 



produced in human 293 T cells. Mol Biotechnol 
2010;46(2):1 18-126. 

2. Kim CK, Oh SD, Rhee JI, Lee EM, Yoon TR. 
Expression and purification of recombinant human 
bone morphogenetic protein-7 (rhBMP-7) in Bac- 
illus subtilis. Biotechnol Bioprocess Eng 20 10; 15 
(5):830-836. 

3. Lee DH, Baek HS, Lee MH, Park JC. Production of 
bone morphogenetic protein-7 using pET expres- 
sion system. Curr Appl Phys 2005;5(5):422-425. 

4. Chen L, Hung YD, Zhang YD. Expression and sec- 
retion of human bone morphogenetic protein-7 in 
pichia pastoris. Chin J Biotech 2006;22(6):907-914. 

5. Dinopoulos H, Giannoudis PV. (iv) The use of 
bone morphogenetic proteins (BMPs) in long-bone 
non-unions. Curr Orthopaed 2007;21(4):268-279. 

6. Alaoui-Ismaili MH, Falb D. Design of second gen- 
eration therapeutic recombinant bone morphogen- 
etic proteins. Cytokine Growth Factor Rev 2009 ;20 
(5-6):501-507. 

7. Han D, Liu W, Ao Q, Wang G. Optimal delivery 
systems for bone morphogenetic proteins in ortho- 
pedic applications should model initial tissue repair 
structures by using a heparin-incorporated fibrin- 
fibronectin matrix. Med Hypotheses 2008;71(3): 
374-378. 

8. Kiibler N, Wiirzler K, Reuther J, Sieber E, Kirchner 
T, Seebald W. Effect of different factors on the 
bone forming properties of recombinant BMPs. 
Mund Kiefer Gesichtschir 2000;4(8):465-469. 

9. Takada T, Katagiri T, Ifuku M, Morimura N, Koba- 
yashi M, Hasegawa K, et al. Sulfated polysacch- 
arides enhance the biological activities of bone 
morphogenetic proteins. J Biol Chem 2003 ;278 
(44):43229-43235. 

10. Irie A, Takami M, Kubo H, Sekino-Suzuki N, Ka- 
sahara K, Sanai Y. Heparin enhances osteoclastic 
bone resorption by inhibiting osteoprotegerin ac- 
tivity. Bone 2007;41(2): 165-174. 

11. Johnson Z, Proudfoot A, Handel T. Interaction of 
chemokines and glycosaminoglycans: a new twist 
in the regulation of chemokine function with op- 
portunities for therapeutic intervention. Cytokine 
Growth Factor Rev 2005;16(6):625-636. 

12. Wiirzler K, Emmert J, Eichelsbacher F, Kiibler N, 
Sebald W, Reuther J. Evaluation of osteoinductive 
potency of genetically modified BMP-2 variations. 
Mund Kiefer Gesichtschir 2004;8(2):83-92. 

13. Depprich R, Handschel J, Sebald W, Kiibler N, 
Wiirzler K. Comparison of the osteogenic activity 
of bone morphogenetic protein (BMP) mutants. 
Mund Kiefer Gesichtschir 2005;9(6):363-368. 



Avicenna Journal of Medical Biotechnology, Vol. 4, No. 4, October-December 2012 



Nematollahi L, et al 



14. Robbens J, De Coen W, Fiers W, Remaut E. 
Improved periplasmic production of biologically 
active murine interleukin-2 in Escherichia coli 
through a single amino acid change at the cleavage 
site. Process Biochem 2006;41(6): 1343-1346. 

15. Soares CRJ, Gomide FIC, Ueda EKM, Bartolini P. 
Periplasmic expression of human growth hormone 
via plasmid vectors containing the APL promoter: 
use of HPLC for product quantification. Protein 
Eng 2003;16(12):1131-1138. 

16. Balderas Hernandez VE, Paz Maldonado LMT, 
Medina Rivero E, Barba de la Rosa AP, Jimenez- 
Bremont JF, Ordonez Acevedo LG, et al. Peri- 
plasmic expression and recovery of human inter- 
feron gamma in Escherichia coli. Protein Expr 
Purif2008;59(l):169-174. 

17. Ambrus A, Torocsik B, Adam- Vizi V. Periplasmic 
cold expression and one-step purification of human 
dihydrolipoamide dehydrogenase. Protein Expr 
Purif2009;63(l):50-57. 

18. Rastgar Jazii F, Karkhane A, Yakhchali B, Fatemi 
S, Deezagi A. A simplified purification procedure 
for recombinant human granulocyte macrophage- 
colony stimulating factor from periplasmic space of 
Escherichia coli. J Chromatogr B Analyt Technol 
Biomed Life Sci 2007;856(1-2):214-221. 

19. Nossal NG, Heppel LA. The release of enzymes by 
osmotic shock from Escherichia coli in exponential 
phase. J Biol Chem 1966;241(13):3055-3062. 

20. Laemmli UK. Cleavage of structural proteins 
during the assembly of the head of bacteriophage 
T4. Nature 1970;227(5259):680-685. 

21. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. 
Protein measurement with the Folin phenol reagent. 
J Biol Chem 1951;193(l):265-275. 

22. Mahoney DJ, Whittle JD, Milner CM, Clark SJ, 
Mulloy B, Buttle DJ, et al. A method for the non- 
covalent immobilization of heparin to surfaces. 
Anal Biochem 2004;330(1): 123-129. 

23. Fisher MC, Li Y, Seghatoleslami MR, Dealy CN, 
Kosher RA. Heparan sulfate proteoglycans in- 
cluding syndecan-3 modulate BMP activity during 
limb cartilage differentiation. Matrix Biol 2006;25 
(l):27-39. 



24. Granjeiro J, Oliveira R, Bustos-Valenzuela J, So- 
gay ar M, Taga R. Bone morphogenetic proteins: 
from structure to clinical use. Braz J Med Biol Res 
2005;38(10):1463-1473. 

25. Carlisle E, Fischgrund JS. Bone morphogenetic 
proteins for spinal fusion. Spine J 2005; 5 (6 Suppl): 
S240-S249. 

26. Ruppert R, Hoffmann E, Sebald W. Human bone 
morphogenetic protein 2 contains a heparin-binding 
site which modifies its biological activity. Eur J 
Biochem 1996;237(l):295-302. 

27. Sampath TK, Maliakal J, Hauschka P, Jones W, 
Sasak H, Tucker R, et al. Recombinant human os- 
teogenic protein- 1 (hOP-1) induces new bone for- 
mation in vivo with a specific activity comparable 
with natural bovine osteogenic protein and stimu- 
lates osteoblast proliferation and differentiation in 
vitro. J Biol Chem 1992;267(28): 20352-20362. 

28. Lee DH, Suh H, Han DW, Park BJ, Lee JW, Park 
JC. The effects of recombinant human BMP-7, 
prepared from a COS-7 expression system, on the 
proliferation and differentiation of rat newborn 
calvarial osteoblasts. Yonsei Med J 2003;44(4): 
593-601. 

29. Swencki-Underwood B, Mills JK, Vennarini J, 
Boakye K, Luo J, Pomerantz S, et al. Expression 
and characterization of a human BMP-7 variant 
with improved biochemical properties. Protein 
Expr Purif2008;57(2):312-319. 

30. Vallejo LF, Brokelmann M, Marten S, Trappe S, 
Cabrera-Crespo J, Hoffmann A, et al. Renaturation 
and purification of bone morphogenetic protein-2 
produced as inclusion bodies in high-cell-density 
cultures of recombinant Escherichia coli. J Bio- 
technol 2002;94(2): 185-194. 

3 1 . Kirker-Head C A. Potential applications and deliv- 
ery strategies for bone morphogenetic proteins. 
Adv Drug Deliv Rev 2000;43(l):65-92. 

32. Kiany J, Zomorodipour A, Raji MA, Sanati MH. 
Construction of recombinant plasmids for peri- 
plasmic expression of human growth hormone in 
Escherichia coli under T7 and lac promoters. J Sci 
IR Iran 2003;14(4):31 1-316. 



Avicenna Journal of Medical Biotechnology, Vol. 4, No. 4, October-December 2012 



